INTRODUCTION
============

Immunotherapy has long been considered an important cancer treatment option, and immune checkpoint inhibitors (ICIs) targeting PD-1, PD-L1, and CTLA-4 have revolutionized cancer treatment ([@B1]). Many studies have examined the features of tumor-infiltrated lymphocytes (TILs) in the tumor microenvironment and the mechanisms by which cancers evade immune response, elucidating the concept of CD8 T-cell exhaustion, which is critical for improving cancer immunotherapy. T-cell exhaustion was first described in chronic viral infection, and is defined as an impaired capacity of T cells to secrete cytokines and proliferate, caused by prolonged antigenic stimulation-induced overexpression of immune checkpoint receptors, such as PD-1, CTLA-4, T-cell Ig and mucin-domain containing (TIM)-3, and lymphocyte-activation gene 3 ([@B2]). Since response to ICI treatment substantially varies among patients and cancer types, it is important to develop novel immuno-therapeutic strategies with improved therapeutic efficacy.

Various therapeutic strategies that have been considered to improve the anti-tumor response to checkpoint blockades, include combinations of multiple checkpoint blockers, agonistic mAb targeting co-stimulatory receptors, soluble mediators (cytokines), and chimeric Ag receptor (CAR) T cells ([@B2]). In addition to inhibitory receptors, activated T cells and exhausted T cells in tumor microenvironment also exhibit upregulation of numerous co-stimulatory receptors ([@B3]) ([Fig. 1](#F1){ref-type="fig"}). Since immune-stimulating co-stimulatory receptors are an essential element of anti-cancer immunity, effective activation of these receptors may contribute to the therapeutic repertoires against cancers. Moreover, it has been suggested that T-cell exhaustion and T-cell activation are closely interconnected and share features related to the cell cycle pathway, T-cell migration, and cytotoxic effector function ([@B4][@B5]). Therefore, one promising therapeutic approach is to target co-stimulatory receptors using agonistic mAb for re-invigorating T-cell responses in cancers.

![Schematic overview of co-stimulatory/inhibitory receptors expressed by T cells interacting with their counterpart on APCs or tumor cells. Inhibitory and stimulatory receptors expressed on T cells in the tumor microenvironment may be targeted for therapeutic intervention by development of agonist targeting co-stimulatory receptors and/or blocking Abs targeting immune inhibitory receptors.\
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Here, we review recent advances in our understating of various co-stimulatory receptors belonging to the Ig receptor superfamily (IgSF) and the TNF receptor superfamily (TNFRSF) in cancers. We focus on the immunological characteristics of these co-stimulatory receptors and also highlight the current status of anti-cancer immunotherapeutic strategies targeting each co-stimulatory receptor.

CO-STIMULATORY RECEPTOR EXPRESSIONS ON TILs
===========================================

Co-stimulatory receptors on T cells are cell surface molecules that can positively induce signaling to fully activate T cells with TCR signaling and cytokine stimulation ([@B6]). This co-signaling plays critical roles in T-cell priming and activation, and in modulating T-cell differentiation, effector function, and survival. Co-stimulatory receptors are commonly categorized into 2 groups: the IgSF and TNFRSF ([Fig. 1](#F1){ref-type="fig"}). Most co-stimulatory receptors are upregulated by TCR engagement and downregulated with reduced TCR signaling. However, some co-stimulatory receptors (e.g., CD27 and CD28) are constitutively expressed on all T cells, and show distinct expression patterns depending on ligation with their counterparts or tissue environment ([@B6]). Therefore, to target co-stimulatory receptors for promoting anti-tumor immune responses, it is important to understand the repertoires of co-stimulatory receptors and their impacts on other immune cells in the tumor environment. We summarize the molecular/immunological features and clinical implications of various co-stimulatory receptors, highlighting the therapeutic promise and development challenges.

I[g]{.smallcaps}SF
==================

CD28
----

Upon finding that TCR engagement alone is insufficient for full T-cell activation ([@B7][@B8]), the discovery of CD28 revealed that co-stimulatory receptors may be important in secondary signaling along with TCR ligation ([@B9]). CD28 and the B7 family are among the most well-known co-stimulatory molecules. Part of the IgSF, CD28 binds to multiple ligands, including B7-1 (CD80) and B7-2 (CD86) ([@B10]). CD28 engagement with ligands initiates the induction of signaling by specific proteins that bind to phosphorylated or unphosphorylated motifs in the cytoplasmic tail ([@B11]). This signal transduction leads to activation of NF-AT, AP-1, and NF-κB transcriptional factors that are important for IL-2 induction ([@B12][@B13]).

CD28 is expressed in almost 80% of human CD4 T cells and 50% of CD8 T cells, and its expression decreases with aging ([@B14]). Additionally, CD28 expression on CD8 T cells is reduced by repeated Ag stimulation in tumors and chronic infection ([@B15]). Persistent Ag exposure strongly upregulates PD-1 expression on exhausted CD8 T cells, and PD-1 can strongly repress CD28 signaling by direct dephosphorylation of CD28 ([@B16]). Additionally, the ligands of CD28 can also bind CTLA-4, which induces CD28 downregulation via endocytosis ([@B17]). Therefore, repeated TCR signaling and high expression of PD-1 and CTLA-4 in certain environments, such as cancers and chronic infections, lead to downregulated CD28 expression and block CD28 signaling. This reduction of CD28 is accelerated with tumor malignancy, and greater numbers of CD28^−^CD8 T cells are found hematogenous solid tumors and in the peripheral blood of patients with solid tumors ([@B18][@B19][@B20]).

Conditional CD28 deletion in CD8 T cells reduces the effects of anti-PD-1 treatment during chronic lymphocytic choriomeningitis virus (LCMV) infection and in mouse tumor models, indicating that CD28 on CD8 T cells plays critical roles in both fundamental co-stimulatory signaling and in effective PD-1 blockade therapy ([@B21]). The loss of CD28 expression on exhausted tumor-infiltrating T cells is one obstacle to harnessing the anti-tumor effect of PD-1 blocking. On the other hand, CD28^−^CD8 T cells themselves exert some anti-tumor effects in melanoma through the expression of perforin ([@B22]). In another study, CD28^−^CD8 T cells showed cytotoxic function in addition to a regulatory role in human cancers ([@B19]). Notably, in lung cancer patients, these cells exhibit upregulated FOXP3 expression and play an immune-regulatory role by suppressing T-cell proliferation ([@B20]).

A CD28 agonist was developed to reinvigorate exhausted CD8 T cells, and has been tested in many cancer types and inflammatory diseases ([@B23]). However, in a phase I trial of the anti-CD28 mAb TGN1412, non-specific CD28 signaling led to systemic inflammatory response (cytokine storm) ([@B24]). To overcome this adverse effect of CD28 agonist treatment, modified CD28 agonist mAb strategies have been developed and are currently in clinical trials in solid neoplasms and rheumatoid arthritis to determine the optimal dose, and examine specific targeting using CAR-T cells ([@B25][@B26][@B27]).

Inducible T-cell co-stimulator (ICOS)
-------------------------------------

ICOS is a member of the IgSF, which exhibits homology to CD28 and CTLA-4 ([@B28]). The expression of ICOS on CD4 and CD8 T cells is rapidly increased by TCR engagement and/or CD28 co-stimulatory signaling ([@B29]). Despite the substantial homology, ICOS does not share ligands with CD28 and CTLA-4 due to the lack of a specific MYPPPY motif required for ligation with CD80 and CD86 ([@B30]). Thus, ICOS-ICOS ligand (ICOSL) ligation can be differently regulated based on a distinct expression pattern of ICOSL. Additionally, downstream signaling differs between ICOS and CD28. Although ICOS and CD28 ligation similarly induce downstream PI3K and MAPK signaling, ICOS has slightly different signaling pathways, with stronger PI3K signaling, weaker MAPK signaling, and ICOS-specific recruitment of TBK1 ([@B31]).

ICOS is constitutively expressed by FOXP3^+^CD25^+^CD4^+^ Treg ([@B32]). It is also highly expressed on tonsillar T cells, which are important for germinal center formation and B-lymphocyte maturation ([@B33]). In the tumor environment, CD4 T cells are a major population of ICOS-positive T cells. As expected, ICOS is also highly expressed by follicular helper T (Tfh) cells among the TILs in lymphoma patients. Interestingly, CD8 T cells also show upregulated ICOS expression in some lymphoma samples ([@B34]). Likewise, highly increased ICOS expression has been observed on Tregs and CD4 and CD8 effector T cells among TILs in mouse syngeneic tumors ([@B35]).

Similar to the function of CD28 in efficient anti-PD-1 therapy, ICOS also plays a role in the anti-tumor immune response. Stem-like CXCR5^+^PD-1^int^ CD8 T cells, which are an important target of anti-PD-1 treatment, express ICOS in a mouse infection model ([@B36]). This ICOS expression pattern has also been observed in a mouse tumor model and human cancers, and higher ICOS expression is associated with better overall survival in colorectal cancer patients ([@B37][@B38][@B39]). This suggests that co-targeting PD-1 and ICOS may be an improved means of further reinvigorating TILs, leading to improved anti-tumor response. ICOS co-stimulation reportedly also enhances the effect of CTLA-4 blockade on tumor immunity ([@B40][@B41]).

The expression of ICOS on Tregs means that ICOS agonism may also have adverse effects on anti-tumor response. ICOS agonist treatment could lead to Treg population expansion, potentially improving the suppressive Treg function in the tumor environment ([@B42][@B43]). However, despite the pro-tumor influence of ICOS stimulation on Tregs, ICOS agonistic treatment with CTLA-4 still has an overall anti-tumor effect. Considering the dual effects of ICOS in tumors, combination treatment with Treg depletion plus inhibitory receptor blockades may be a promising strategy for eliminating side effects and increasing the anti-tumor response to ICOS stimulation. In a mouse model, anti-OX40-mediated Treg depletion plus ICOS signaling promoted an anti-tumor response ([@B35]).

CD226
-----

CD226 (also known as DNAM1) is a co-stimulatory receptor of the IgSF, which was first discovered as the human T lineage-specific molecule TLiSA1 ([@B44]). CD226 is predominantly expressed on CD8 T cells and NK cells, and is also expressed on activated CD4 T cells and monocytes in humans and mice ([@B45]). Upon interaction with its ligands via an ITAM, homo-dimeric CD226 plays important roles in NK-cell and T-cell activation and function ([@B46]). Ligands for CD226 include CD155 (necl-5 or PVR) and CD112 (nectin-2 or PVRL2), which are normally expressed on epithelial, endothelial, and Ag-presenting cells (APCs) and are highly upregulated on tumor cells.

The CD226 ligands CD155 and CD112 are also ligands for another IgSF member, T cell Ig and ITIM domain (TIGIT) ([@B47]). Compared to TIGIT, CD226 shows much lower binding affinity to its ligands, but still strongly contributes to various immune responses, including T-cell and NK-cell migration, activation, differentiation, and function. The levels of CD226 and TIGIT expression during infection or at tumor sites remain unknown. CD226 mediates the cytotoxicity of NK cells towards tumor cells expressing its ligands, and NK-cell activation is modulated by CD155-expressing dendritic cells (DCs) ([@B45]). CD226 also affects CD4 and CD8 T cells by interacting with LFA-1 and lipid rafts, leading to IFN-γ production and increased anti-tumor activity of T cells ([@B48][@B49]). These studies demonstrate that CD226 has dual roles in terms of activation and adhesion receptors.

CD226 signaling can be inhibited by TIGIT due to competition for the same ligands, as well as by TIGIT\'s ability to directly prevent CD226 homo-dimerization ([@B50]). This interfering effect results in a distinct CD226 expression pattern in tumor-infiltrating T cells. In peripheral blood, CD226 expression is highly upregulated on over 80% of tumor-associated Ag (NY-ESO-1)-specific CD8 T cells and total CD8 T cells, in healthy donors and in advanced melanoma patients ([@B51]). However, metastatic melanoma exhibits an opposite expression pattern, highly upregulated TIGIT expression in TILs, and a decreased frequency of CD226^+^ CD8 T cells ([@B51]). Low CD226 expression on effector memory CD8 T cells has also been observed in follicular lymphoma and multiple myeloma ([@B52][@B53]). Interestingly, TIGIT^+^ CD4 T cells exhibit higher CD226 expression than CD8 T cells, and high CD226 expression has been reported on Tfh cells in follicular lymphoma. However, CD25^hi^Foxp3^+^Tregs in PBMCs from melanoma patients and healthy donors displayed lower CD226 expression compared to CD25^--^Foxp3^--^ effector CD4 T cells ([@B52][@B54]).

Considering the competition between CD226 and TIGIT for the same ligands, utilizing the CD226 and TIGIT axis in tumor immunotherapy requires an understanding of T-cell exhaustion and the implications of immune checkpoint blockades, especially TIGIT mAbs. Combined immunotherapy involving TIGIT and PD-1 or PD-L1 increases the cellular proliferation and functionality of tumor-associated Ag-specific CD8 T cells *in vitro* and induces anti-tumor responses in mouse tumor models ([@B50][@B51]). With the combined blockade of TIGIT and PD-L1, additionally blocking CD226 abrogated the effects on tumor size, survival rate, and increased frequency of IFN-γ-producing CD8 T cells among TILs; however, the effect of upregulated IFN-γ production among CD8 T cells in tumor-draining lymph nodes remained ([@B50]). These findings revealed that CD226 plays a critical role in the reinvigoration of CD8 T cells, which induces anti-tumor responses after blocking TIGIT. Additionally, investigations in a mouse model of spontaneous multiple myeloma (Vk\*MYC transgenic mice) crossed with CD226 KO mice have demonstrated that CD226 controlled multiple myeloma development, and that this anti-tumor effect of CD226 was modulated by CD8 T cells and NK cells using perforin and IFN-γ ([@B55]). Moreover, in melanoma, CD226 signaling upon ligation with PVR abrogates the suppressive function and stability of Tregs, while TIGIT signaling increases Treg-mediated suppression ([@B54]). All available data suggest that the interplay between CD226 and TIGIT has a critical role in anti-tumor immunotherapy.

TIM-1, CD2, and signaling lymphocytic activation molecule family member 6 (SLAMF6)
----------------------------------------------------------------------------------

TIM domain family is part of the IgSF, which includes both co-stimulatory and co-inhibitory receptors ([@B56]). The TIM family includes 8 molecules in mice (TIMs 1-8) and three molecules in humans (TIM-1, TIM-3, and TIM-4) ([@B57]). TIM-1 is a typical co-stimulatory molecule, and its main ligands are TIM-4 and phophatidylserine ([@B58][@B59]). TIM-1 is not expressed in naïve T cells, but its expression is upregulated after activation. Other immune cell types can also express TIM-1, including NK cells, B cells, macrophages, DCs, and mast cells ([@B56][@B57]). Agonistic TIM-1 mAb directly enhances effector T-cell expansion and stability, and inhibits Treg generation and suppressive functions ([@B60]). Additionally, DCs that constitutively express TIM-1, TIM-1 signaling induces co-stimulatory molecules and pro-inflammatory cytokine production, indirectly promoting enhanced effector T-cell response ([@B61]). Few reports describe the anti-tumor effect of TIM-1; however, agonistic TIM-1 signaling could be a promising new target for anti-tumor treatment based on its potential to stimulate effector T cells.

The IgSF also includes CD2 and members of the signaling lymphocytic activation molecule (SLAM) family, for which the IgV and IgC domains are co-stimulatory receptors ([@B6]). Like CD226, CD2 has plays dual roles as co-stimulatory receptor and adhesion molecule for T-cell activation, cytotoxicity of NK and T cells, cytokine production, and formation of the immunologic synapse between T cells and APCs ([@B62]). CD2 is expressed on T, NK, and B cells and its ligands are CD48 in mice, and CD58 (LFA-3) in humans. Since CD2 exhibits co-stimulatory function and strong expression in all T and NK cells, irrespective of differentiation and activation status, an agonistic CD2 bispecific Ab has been used to therapeutically target EGFR-expressing tumors ([@B63]). Additionally, CD2 shows ligation as an endogenous natural receptor on first-generation CAR T cells, which is important for the IL-2 production of CAR T cells in B-cell lymphoma ([@B64]).

SLAMF6 (also known as NTB-A) is a SLAM family member that is expressed on T, NK, and B cells. It upregulates Th1 responses, and through homophilic interaction activates NK cells in terms of proliferation, cytotoxicity, and IFN-γ production ([@B65][@B66]). Interestingly, SLAMF6 expression is highly correlated expression of T-cell factor 1 (TCF-1), which is used as a marker of exhaustion. Both TCF-1 and SLAMF6 are highly upregulated in progenitor exhausted CD8 T cells, but not in terminally exhausted CD8 T cells during chronic infection ([@B67]). This study highlighted SLAMF6 as a useful cell surface marker for isolating progenitor exhausted CD8 T cells, as an alternative to TCF-1. In addition to its role as a marker, treatment with the soluble ectodomain of SLAMF6 reportedly improved the CD8 T-cell response in melanoma ([@B68]). This homotypic binding of SLAMF6 reduced activation-induced cell death and protected tumor-infiltrating CD8 T cells from apoptosis, to a greater degree than IL-2 ([@B68]). Additionally, SLAMF6 directly affects the functions of melanoma-specific CD8 T cells, increasing IFN-γ production and cytotoxicity ([@B68]). *In vivo* studies in a mouse melanoma model revealed that systemic treatment with the soluble ectodomain of SLAMF6 played a role in the maintenance of tumor-specific CD8 T cells and delayed tumor growth ([@B68]).

TNFRSF
======

4-1BB (CD137)
-------------

The TNFRSF includes the inducible co-stimulatory receptor 4-1BB, also known as CD137 and TNF receptor (TNFR) 9. Its major ligand is 4-1BB ligand (4-1BBL), which is expressed on activated DCs, macrophages, and B cells ([@B69]). Ligation of 4-1BB on T cells induces co-stimulatory signaling, which recruits the key adapter molecules TNFR-associated factor (TRAF) 1 and TRAF2, and leads to activation of NF-κB and MAPKs ([@B70]). Additionally, the 4-1BB signaling pathway affects metabolic reprogramming within T cells in terms of promoting mitochondrial function and biogenesis ([@B71]). After ligation with 4-1BB agonist Abs, 4-1BB surface expression rapidly decreases due to internalization to the endocellular compartment, where it blocks continuous co-stimulatory signaling ([@B72]).

Although 4-1BB is highly upregulated in activated T cells upon TCR signaling and used as a marker of T-cell activation, its expression is also widely observed in immune cells (e.g., DCs, activated monocytes, NK, neutrophils, eosinophils, and mast cells) and in non-hematopoietic cells, such as endothelial cells ([@B72]). NK cells upregulate 4-1BB surface expression upon ligation of FcRγIII Fc receptor, and the 4-1BB signaling induces the NK cells\' cytotoxic function ([@B73]). On endothelial cells, 4-1BB expression can be increased by exposure to TNF-α, liposaccharide, and IL-1β, as well as to hypoxia-inducible factor 1-α in the tumor microenvironment. This suggests that 4-1BB expression, especially on blood vessel walls, may mediate immune responses against inflammation or tumor microvasculature by enhancing migration of monocytes and DCs ([@B74][@B75][@B76]). Tregs also express 4-1BB; however, its role on Tregs is controversial as 4-1BB can reportedly inhibit Treg suppressive function or induce Treg proliferation following ligation or 4-1BB agonism ([@B72]). With regards to T cells, engagement of 4-1BB with TCR signaling induces IL-2 production, regardless of CD28 expression ([@B77]). Additionally, ligation of 4-1BB enhances CD8 T-cell proliferation, survival, and effector function ([@B72]).

In TILs, 4-1BB expression can represent the tumor reactivity of T cells, meaning that 4-1BB-expressing TILs have specific TCRs that recognize tumor Ags, and ongoing TCR signaling irrespective of T-cell differentiation status or cytokine production ([@B78]). With regards to activation-induced 4-1BB expression, TILs show different 4-1BB expression patterns depending on the tumor type, degree of tumor Ag exposure, and stage of T-cell exhaustion. CD8 TILs exhibit greater 4-1BB expression in hepatocellular carcinoma (HCC) and ovarian cancer (OC) than in other cancer types, such as non-small-cell lung cancer (NSCLC), intrahepatic cholangiocellular carcinoma, colorectal cancer, and glioblastoma ([@B79][@B80]). Moreover, 4-1BB is predominantly expressed in PD-1^high^ CD8 TILs, which show tumor reactivity, and is expressed at a significantly higher level in CD8 TILs than in PBMCs from the same HCC patients and normal intrahepatic lymphocytes ([@B79][@B81]). Notably, 4-1BB^+^ CD8 TILs show fewer exhausted features in terms of proliferation potential and transcriptional level (e.g., TCF-1, T-bet, and Eomes) compared to 4-1BB^−^ CD8 TILs among PD-1^high^ CD8 TILs ([@B79]). These findings suggest that distinct 4-1BB expression on CD8 TILs indicates tumor-reactive CD8 T cells, as well as potentially functional CD8 T cells, which may be reinvigorated by immunotherapies targeting exhausted PD-1^+^ CD8 T cells.

The meaning of 4-1BB expression on CD8 TILs has made 4-1BB signaling a prominent target for anti-tumor immunity. In a mouse melanoma model, mAb-induced 4-1BB signaling reversed a loss of IL-2 production in CD8 TILs. Notably, this co-stimulatory effect of 4-1BB was not due to an increase of newly primed T cells but rather to reinvigoration of dysfunctional TILs ([@B82]). Moreover, anti-4-1BB mAb treatment prolonged the intra-tumor persistence of adoptively transferred OT-1 effector T cells, which are specific to the B16-OVA tumor model, and even promoted an effector phenotype and cytotoxicity ([@B83]). In an A20 mouse lymphoma model, anti-4-1BB agonistic mAb exerted anti-tumor effects, reducing tumor size and increasing survival rate more than treatment with anti-OX40, anti-CTLA-4, or anti-glucocorticoid-induced TNFR-related protein (GITR) agents ([@B84]). This anti-tumor immunity was dependent on CD8 T cells and NK cells, and persisted beyond 100 days after tumor clearance in a rechallenge experiment ([@B84]). However, this critical effect of 4-1BB therapy requires 4-1BB expression on CD8 TILs or NK cells, as well as specific tumor environmental factors, such as IFN-γ expression, to allow CD8 T cells to infiltrate the tumor site ([@B85]). In human HCC, the combination of 4-1BB agonist plus anti-PD-1 treatment improved CD8 TIL proliferation and cytokine production. This synergistic effect of 4-1BB with PD-1 blockade could be due to the high 4-1BB expression of HCC, and the further upregulation of 4-1BB expression caused by PD-1 blockade of CD8 TILs ([@B79]). The significant effect of 4-1BB agonistic mAb in anti-tumor immunity suggests that targeting 4-1BB may be a potent strategy for improving immunotherapy, and a breakthrough for tumors that do not respond to immune checkpoint blockades.

Two 4-1BB mAb evaluated in recent clinical trials are urelumab (BMS-663513) and utomilumab (PF-05082566). Urelumab was the first anti-4-1BB mAb developed with human IgG4 for therapeutic purposes, and does not inhibit binding of endogenous 4-1BBL ([@B86]). On the other hand, utomilumab includes hIgG2 and has a blocking effect against endogenous 4-1BBL. Clinical trials of both anti-4-1BB mAbs were unsuccessful due to grade 3--4 treatment-related adverse events, liver toxicity of urelumab, and low efficacy of utomilumab ([@B72]). Various strategies have been applied to modify anti-4-1BB mAbs to overcome their liver toxicity and improve their specific agonism. Modifications of the Fc portion of anti-4-1BB have been tested to optimize activation and inhibit FcγR binding that causes hepatotoxicity and low efficacy. Additionally, bi-specific Abs have been developed that have specificity for 4-1BB and tumor Ags, such as HER2 and fibroblast activation protein or PD-L1 ([@B87][@B88][@B89][@B90]).

OX40
----

Another co-stimulatory receptor of the TNFRSF is OX40 (also called CD134 and TNFRSF4), which is a well-known T-cell activation marker, like 4-1BB ([@B91]). The ligand of OX40 (OX40L or CD252) is expressed on all activated APCs, including DCs, B cells, and macrophages, as well as on non-hematopoietic cells, including endothelial cells and smooth muscle cells ([@B92]). Ligation between OX40 and OX40L plays roles in T-cell survival, maintenance of memory CD8 T cells, differentiation of CD4 T cells, and Treg inhibition ([@B93]). OX40 signaling is critical for survival of effector and memory T cells, but not for priming naïve T cells, since OX40-deficient T cells exhibit normal differentiation to effector T cells via TCR signaling but are unable to survive ([@B94]). This OX40 signaling required for T-cell survival is dependent on induction of the anti-apoptotic proteins Bcl2 and Bcl-xL, as well as survivin, regulated by NF-κB and AKT signaling ([@B95][@B96]). Additionally, the OX40-OX40L axis significantly inhibits the generation, differentiation, and suppressive function of IL-10-producing CD4 type 1 regulatory T cells ([@B97]).

Although T cells consistently express some co-stimulatory receptors, such as CD28, OX40 is only transiently expressed on activated CD4 and CD8 T cells after TCR engagement with inflammatory cytokines, and not on naïve T cells ([@B98]). OX40 is constitutively expressed on Tfh cells in mice and humans, and on Tregs only in mice ([@B91]). However, OX40 shows a distinct expression pattern in the tumor environment. OX40 is consistently expressed on CD4 TILs in mouse models of glioma and melanoma, and on CD8 TILs of mouse carcinomas ([@B99][@B100]). OX40 expression is also observed on CD4 TILs in human malignant melanoma and colorectal cancer, suggesting persistent TCR engagement against tumor Ags. Moreover, the degree of OX40 expression may be associated with anti-tumor response and patient outcomes ([@B101][@B102]). In an exhausted model with chronic viral infection, OX40 expression on virus-specific CD4 T cells significantly correlated with PD-1 expression, indicating that OX40 expression is dependent on TCR stimulation regardless of T-cell exhaustion status ([@B103]).

Many trials have examined OX40 agonistic signaling as anti-tumor therapy through TIL regulation, and the anti-tumor effects of OX40 agonist Abs has been observed in numerous mouse tumor models and preclinical human studies ([@B91]). The main mechanisms underlying the anti-tumor effects of OX40 agonism might be explained by modulation of CD8 and CD4 TILs. Anti-OX40 Ab treatment increases the anti-tumor ability of CD8 T cells in the MC38 tumor model and in human melanoma samples, and also promotes the generation of tumor-specific T-cell memory in a murine cancer vaccine model ([@B104]). Additionally, in a human clinical trial, OX40 agonist expanded non-Treg CD4 and CD8 T cells with upregulation of the activation markers CD38 and HLA-DR ([@B105]). Considering the constitutive OX40 expression on Tregs, OX40 signaling dominantly affects Tregs in tumors. However, the functions of anti-OX40 mAbs on Tregs are controversial, with some reports showing that OX40 blocks the suppressive function of Tregs, while another group demonstrated enhanced Treg proliferation ([@B106][@B107]). These conflicting results indicate that OX40 signaling may regulate Tregs in multiple ways, meaning that the effect of OX40 agonist on Tregs may differ depending on various factors, such as cytokines and other stimulation.

Although OX40 agonists play roles in anti-tumor immunity, such treatment is not sufficient in all tumors. On possible means of overcoming this limitation is by combining OX40 agonistic therapy with immune checkpoint blockades. Anti-OX40 mAb treatment plus CTLA-4 blockade increased the survival rate in a mouse sarcoma model by increasing CD8 and CD4 T-cell function ([@B108]). Additionally, combination of anti-OX40 mAb treatment plus the HER2 cancer vaccine promoted anti-tumor functions of CD8 T cells and led to tumor regression ([@B100]). PD-1 blockade also exerted a synergistic anti-tumor effect with OX40 agonist treatment in a murine OC model that which showed poor responses to both monotherapies ([@B109]). However, in a cancer vaccine model, combination therapy with PD-1 blockade inhibited the anti-tumor effect of anti-OX40 mAb by reducing T-cell infiltration to the tumor and inducing apoptosis of tumor-reactive CD8 T cells ([@B110]). Therefore, depending on the context, combination therapy may or may not be conducive to anti-tumor effects. Other efforts to improve anti-tumor immunity with OX40 agonist include co-treatment with IL-2 and CTLA-4 plus OX40 bispecific Ab ([@B111][@B112]).

GITR
----

GITR protein---also known as TNFRSF18, CD357, or activation-inducible TNFR family receptor---is another co-stimulatory receptor of the TNFRSF ([@B113]). GITR signaling is commonly mediated through binding with its ligand GITRL, which is also a member of the TNFRSF and is mainly expressed on activated APCs ([@B114]). Similar to OX40L, GITR:GITRL expression is observed on various cell types, and is not restricted to hematopoietic cells---for example, showing intermediate expression on keratinocytes and osteoclast precursors, and high expression on endothelial cells stimulated with type I IFN ([@B114]). Due to the absence of intrinsic enzymatic activity, GITR signaling is mediated by recruitment of TRAFs. For example, upon GITR ligation, TRAF2 and TRAF5 induce NF-κB, leading to upregulation of the anti-apoptotic protein Bcl-Xl on activated CD8 T cells---meaning that GITR signaling functions in T-cell survival ([@B115]). GITR and GIRTL engagement also induces IL-9-producing Th cells in a manner dependent on TRAF6 and NF-κB activation, yielding improved responses of tumor-specific cytotoxic T cells ([@B116]). Thus, GITR signaling mediates several functions via differential TRAF recruitment, depending on context and cell type.

Tregs exhibit high GITR expression induced by Foxp3, while naïve and memory T cells typically do not express GITR until activation. Activated T cells rapidly upregulate GITR expression, which is modulated by NF-κB signaling, and ligation with GITR promotes IL-2 and IFN-γ production via further upregulation of CD25 ([@B117]). Importantly, during chronic LCMV infection, mice with genetic deletion of GITR exhibit increased T-cell exhaustion and uncontrolled viral load, which depend on the effects of GITR on CD4 T cells. This suggests that GITR signaling is directly and indirectly critical for the maintenance of T-cell effector function and exhaustion status ([@B118]). In the context of tumors, GITR expression has been reported in TILs from HCC, NSCLC, renal cell carcinoma, melanoma, and OC---with high GITR expression observed in Tregs, compared to lower expression in CD4 and CD8 T cells ([@B119]). In mouse tumor models, after treatment with anti-mouse GITR agonistic Ab (DTA-1), GITR expression was still highest in Tregs among TILs. However, non-Treg CD4 and CD8 TILs also exhibited high GITR expression and the GITR expression on CD8 and CD4 TILs was highly correlated with the anti-tumor effects of GITR treatment ([@B119]).

It appears that tumor regression by GITR signaling to TILs is regulated by the co-stimulatory function of GITR on CD4 and CD8 TILs, as well as effects on Tregs. DTA-1 treatment induces IL-9 production and Th9 differentiation, which enhances the responses of tumor-specific cytotoxic T cells via DC activation in mouse tumors ([@B116]). Additionally, GITR agonism increases CD8 T-cell infiltration into the tumor, as well as CD8-TIL metabolism, leading to improved proliferation and production of cytokines, such as IFN-γ ([@B120][@B121]). The effect of GITR signaling on Treg destabilization also promoted anti-tumor immunity against melanoma in mice, by reducing Foxp3 expression in intratumor Tregs---not in circulating Tregs ([@B122]). However, when defining the effects of co-stimulatory receptor agonistic Abs, we must also consider the Fc effector function induced by Ab-dependent cellular cytotoxicity (ADCC). In particular, DTA-1 (which has rat IgG2b as its backbone) has controversial effects on Tregs. For example, while DTA-1 induces MC38 tumor regression, this effect is abrogated when using the pentamerized form of the GITRL extracellular domain (pGITRL), which lacks the Fc portion, instead of DTA-1. Additionally, pGITRL treatment increased the number of activated Tregs in tumor tissue and draining lymph nodes ([@B123]). These findings indicate that the effects of GITR on Tregs must be considered to effectively raise the anti-tumor response with anti-GITR mAb, and that the effects of DTA-1 may be based on FcγR-mediated Treg depletion.

Numerous studies have demonstrated the anti-tumor effects of GITR, and have suggested various strategies to improve its therapeutic efficacy. The most promising so far is combined treatment with GITR agonist plus immune checkpoint blockade, such as PD-1, which has induced restoration of dysfunctional CD8 TILs by rescuing CD226 and reducing TIGIT expression ([@B124]). Another option is local administration of GITR agonistic mAb into tumor-draining lymph nodes ([@B125]).

CD27 and death receptor 3 (DR3)
-------------------------------

In contrast to other activation-inducible TNFRSF members, CD27 is constitutively expressed on both naïve and effector T cells. The CD27 ligand CD70 is transiently induced by several stimuli on DCs, B cells, and T cells. In particular, the ligation of CD27 and CD70 generates an important key molecule in the helping mechanism of CD4 T cells, leading to priming and effector differentiation of cytotoxic T cells, and optimal anti-tumor response ([@B126]). However, continuous CD27 signaling is considered an important factor in inducing T-cell exhaustion and affecting Treg survival, suggesting that CD27 agonism is also involved in tumor progression ([@B127][@B128]). Nevertheless, agonistic Abs targeting CD27 have exhibited anti-tumor effects in various mouse tumor models, and a newly engineered anti-CD27 mAb that induces ADCC by replacing the Fc portion (mouse IgG1 to mIgG2a) promoted better anti-tumor response via limited T-cell activation and FcγR-mediated depletion of CD27hi Tregs ([@B129][@B130]).

DR3 is a co-stimulatory receptor in the TNFRSF, which is encoded by TNFRSF25. DR3 binds to a cognate ligand, called TL1A or TNFSF15, and is expressed on the surface of activated T cells, APCs, and phagocytes ([@B131]). Unlike other co-stimulatory receptors, DR3 uses TNFR-associated death domain adaptor protein to recruit TRAF2 and RIPK1, subsequently inducing NF-κB activation and MAPK pathways in T cells ([@B131]). Ligation of DR3 with TL1A induces T-cell proliferation and enhanced IFN-γ production in an infection model ([@B132]). DR3 agonistic Ab (4C12) or TL1A-lg fusion protein causes expansion of the Treg population; however, at the cellular level, DR3 engagement reduces the suppressive function of Tregs ([@B133]). Like GITR, co-stimulatory DR3 signaling induces Th1 and Th9 differentiation of CD4 T cells, and diminishes the suppressive function of Tregs, suggesting that agonistic mAb targeting DR3 is a potential candidate for anti-tumor immunotherapy ([@B134]).

Overall, the available data indicate that various co-stimulatory molecules can modulate TILs and target specific co-stimulatory receptors. Treatments targeting these costimulatory molecules could be a potential way to improve standard anti-tumor therapies, or even a breakthrough treatment for tumors that are non-reactive to recent immunotherapies.

CONCLUSION
==========

In this review, we have discussed recent studies about the characteristics of co-stimulatory receptors and the current status of developing agonist Abs targeting co-stimulatory receptors in cancers. In addition to inhibitory receptors, activated T cells and exhausted T cells also exhibit upregulation of numerous co-stimulatory receptors ([@B3]). As immune-stimulating co-stimulatory receptors are an essential element of anti-cancer immunity, it is clear that effective activation of these receptors can contribute to the therapeutic repertoires against cancers. Previous preclinical experiments and clinical data clearly support that agonizing a co-stimulatory pathway can be a potently effective strategy for re-invigorating T-cell responses in cancers, particularly when used in combination with other immune-activating strategies. Moreover, newly-developed agonist Abs targeting novel co-stimulatory receptors such as anti-TNFR2 are being investigated for therapy of cancer ([@B135]).

However, more cross-disciplinary studies need to be carried out to maximize patient benefit despite overwhelming evidences demonstrating the potent therapeutic effectiveness of agonist Abs targeting co-stimulatory receptors. It has been suggested that some co-stimulatory agonist Abs function by a dual mechanism: 1) by agonist activation of tumor-specific T cell populations, and 2) by immune cell depletion (such as Tregs) via ADCC. In addition, the interaction between Fc domain of Abs and FcγRs has been suggested as a requisite for optimal function of agonist Abs targeting co-stimulatory receptors ([@B86]). Therefore, IgG isotype selection and full characterization of Fc domain property is critical for the design of co-stimulatory agonist Abs, particularly with those having human IgG1, with a consideration of the relative effect of immune cell activation versus immune cell depletion via ADCC in cancer patients. Moreover, the expression profiles and distinct roles of various co-stimulatory receptors on Tregs need to be studied. Finally, as the immune status context may vary widely in patients even with the same type of cancer, patient selection based on immune profiles may become critical for the effective use of agonist Abs.

In this regard, recent advances in our understating of co-stimulatory receptor pathways and next-generation approaches under development will provide rationale and evidence for the logical design of immunotherapies targeting costimulatory receptors.
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4-1BBL

:   4-1BB ligand

ADCC

:   Ab-dependent cellular cytotoxicity

APC

:   Ag-presenting cell

CAR

:   chimeric Ag receptor

DC

:   dendritic cell

DR-3

:   death receptor 3

GITR

:   glucocorticoid-induced TNF receptor-related protein

GITRL

:   GITR ligand

HCC

:   hepatocellular carcinoma

ICI

:   immune checkpoint inhibitor

ICOS

:   inducible T-cell co-stimulator

ICOSL

:   ICOS ligand

IgSF

:   Ig receptor superfamily

LCMV

:   lymphocytic choriomeningitis virus

NSCLC

:   non-small-cell lung cancer

OC

:   ovarian cancer

OX40L

:   OX40 ligand

pGITRL

:   pentamerized form of the GITRL extracellular domain

SLAM

:   signaling lymphocytic activation molecule

SLAMF6

:   signaling lymphocytic activation molecule family member 6

TCF-1

:   T-cell factor 1

Tfh

:   follicular helper T

TIGIT

:   T cell Ig and ITIM domain

TIM

:   T-cell Ig and mucin-domain containing

TIL

:   tumor-infiltrated lymphocyte

TNFR

:   TNF receptor

TNFRSF

:   TNF receptor superfamily

TRAF

:   TNF receptor-associated factor
